Abstract: This study's purpose was to analyze the effects of aging on motor control, with a specific focus on analyzing the characteristics of motor inhibition failure. A continuous-response task was conducted with 35 younger adults and 35 older adults, under several conditions and using two types of switches. The results indicated the following: (a) in older adults, response type and auditory stimuli strongly affected motor inhibition failure, and (b) in younger adults, motor inhibition failures rarely occurred. When they did occur, they were strongly affected by factors directing visual stimuli. These results suggest age-related differences in variables that affect motor inhibition, and that movement and the associated nervous excitation might strongly affect motor inhibition in older adults.
The purpose of this study was to investigate variables affecting motor inhibition in older people. Failures of motor inhibition often result in errors in how objects are used or manipulated. In particular, manipulation errors (Reason, 1992) , such as an error of involuntary incorrect manipulation, often cause serious everyday life problems.
Recently, a number of studies have suggested that motor inhibition might be strongly affected by aging (Kubo- Kawai & Kawai, 2010; Schlaghecken, Birak, & Maylor, 2011; Seidler et al., 2011) . This possibility is indicated by output stage inhibition (Friedman & Miyake, 2004) . For example, Kawai, Kubo-Kawai, Kubo, Terazawa, and Masataka (2012) compared the flanker effect (interference suppression) and the Simon effect (response suppression).
The Simon effect indicates that key presses can be performed more quickly and accurately if the response corresponds spatially to the stimulus-even when stimulus location is irrelevant to the task (Hommel, 1993) . Kawai et al. (2012) reported that response suppression is significantly reduced with aging, and that the ability to inhibit movements is strongly related to this effect.
Studies on motor inhibition in older adults have been increasing. However, most of these studies have focused on decline of inhibitory function in older adults, whereas only a few have investigated variables related to motor inhibition failures in older adults. As a result, conditions related to motor inhibition in older adults have remained unclear. Tsuchida, Morikawa, Yoshida, and Okawa (2013) investigated this issue and suggested that both differences in response type and the use of auditory stimuli are strongly related to motor inhibition failures in older adults. For example, when operating a switch, older adults made more errors when grasping it with their palms than when using their fingertips. Moreover, they also reported that when auditory stimuli were presented with visual stimuli, error rates in older adults were higher than when no auditory stimuli were presented. Tsuchida et al. (2013) examined the above-described results under two further experimental conditions: compatible and incompatible. In the compatible condition, visual stimuli and response positions were compatible, such that when a stimulus was presented on one side of the fixation point, participants were required to press the ipsilateral switch, whereas under the incompatible condition, they were required to press the contralateral switch to the stimulus presentation side.
In Tsuchida et al. (2013) , however, compatible and incompatible conditions were included as different experiments, and the order of the two conditions was fixed, such that the compatible conditions were presented first and incompatible conditions were presented subsequently. Therefore, the shifting factor might have affected incompatible conditions and the effects of condition on the error rate might have been overestimated. It would be necessary to counterbalance the order of the conditions so that the effects of compatibleincompatible factors on the error rate would be assessed accurately.
For this purpose, the order of the two experiments conducted by Tsuchida et al. (2013) was counterbalanced to eradicate order effects. Then, the effects of each variable on motor inhibition failures were compared across older and younger adults. Only this single point was adjusted from Tsuchida et al. (2013) in the procedures of the current experiment.
The purpose of this study was as follows. This study compared the effects of three variables-stimulus-response compatibility, auditory stimuli, and response types-on motor inhibition failures by seeking to confirm the effect of each variable within the context of a single experiment. These three variables are explained in more detail below.
We first examined a variable related to visual stimuli. When a participant is required to press a switch located on the contralateral side to a visual stimulus (incompatible), response times and error rates are greater than when the response is on the ipsilateral side to the visual stimulus (compatible). This is known as the Simon effect (Simon, 1969) . A number of studies have indicated that a strong Simon effect is observed in older adults (Kawai et al., 2012; Kubo-Kawai & Kawai, 2010) . Therefore, we expected that stimulus-response compatibility would clearly affect motor inhibition failures in older adults.
Second, we examined auditory stimuli. People tend to unintentionally press a switch when an auditory stimulus is presented (e.g., auditory accessory stimulus; Fischer, Plessow, & Kiesel, 2009 ). Tsuchida et al. (2013) suggested that auditory stimuli affect motor inhibition failures in older adults, so we investigated the effects of this variable to test the robustness of this previous finding.
Finally, we examined how the motor actions were performed (response types). Regardless of the visual stimuli presented, different response types result in activation of different regions of the motor cortex in the brain (e.g., a slight response made using just the fingertips, or a grasping response made using the whole palm; Hutchinson et al., 2002) . Tsuchida et al. (2013) indicated that response type strongly affects the rate of motor inhibition failure in older adults.
In this study, a failure of motor inhibition was defined as a response in which the switch on the wrong side was pressed using the right or left hand. Grillner (2011) has indicated that the primary motor cortex has lateral inhibitory functions between left and right hemispheres, intermediated by the corpus callosum. For example, when manipulating an object using the right or left hand, movements of the other hand are restricted when the manipulating hand is moving. It is known that when functions of one side of the cerebral hemisphere decline because of brain damage among others, inhibition caused by the damaged hemisphere on the other hemisphere decreases (Kobayashi, Hutchinson, Theoret, Schlaug, & Pascual-Leone, 2004) . Consistent with this, issues of motor control are considered to be affected by lateral inhibition between right and left hemispheres. If it is assumed that lateral inhibition in the primary motor cortex generally decreases with aging, motor inhibition in older adults would be expected to suffer.
Method Participants
Younger adults (N = 35; 18 men and 17 women, M age : 21.0 years, range: 18-25 years) and older adults (N = 35, 18 men and 17 women, M age : 71.0 years, range: 66-82 years) participated in the experiment. All older adults were registered with a human resource center for seniors and were usually engaged in jobs, primarily light duties. Each participant was offered a compensation of ¥3,000, which included transportation fees for participating in the experiment. According to self-reports, all the participants were in good health, with the exception of chronic illnesses. All older adults were >65 years old and lived independently in local communities. Their mean Mini Mental Status Examination score (Folstein, Folstein, & McHugh, 1975) was 28.5 AE 1.54, with a range of 26-30. The mean education duration for the older adults was 13.8 AE 1.8 years, and they had all attended school for more than 12 years. Education duration did not statistically differ across the younger and older adults, t(68) = 0.65, ns. All younger adults were university students and participated voluntarily. All participants were right-handed.
The ethics committee of the university where the authors are employed approved this study and all participants gave their informed consent.
Apparatus
Following Tsuchida et al. (2013) , participants performed a continuous-response task in which they were required to give a motor response using either their right or left hand, depending on the location at which a stimulus was presented. Two types of response apparatuses were prepared. One was a micro switch (Micro light switch #58500, Tash Inc., Roseville, MN; Operating pressure: 10 g) that could be operated by using just the index finger. The other was a grasp switch (Grasp switch #58650, Tash Inc., Roseville, MN; Operating pressure: 300 g) that could be operated by grasping a cylindrical grip.
Visual stimuli were shown on a liquid crystal display (I-O Datadevice Inc., LCD-AD195GB 19-inch model), and the whole experiment was controlled using a personal computer (Toshiba, Dynabook Satellite A50S). Auditory stimuli were simultaneously presented using loudspeakers located at the lower left and right corners of the monitor display. Participants sat approximately 50 cm from the display, and the two response apparatuses were provided within easy reach (one for each hand).
Procedures
During the experiment, participants were asked to lightly place their hands on (or lightly grasp) the response buttons. First, a fixation point was presented at the center of the visual field. Then, a red circle (4.5 cm in diameter) was randomly presented to the left or right of the fixation point at a distance of 10.7 of view angle.
The experiment comprised two conditions: the compatible and incompatible conditions. For the compatible condition, participants were asked to push (or grasp) as quickly as possible the response button on the ipsilateral side to the visual stimulus. For the incompatible condition, they were asked to respond with the hand on the contralateral side to the visual stimulus (Tsuchida, 2005) .
Sixty-four trials were conducted under each condition. Moreover, two types of switches were alternatively used in each condition, such that 32 trials were conducted using a micro switch and the other 32 trials were conducted using a grasp switch. The order of compatibility (compatible/incompatible) and response-type condition (micro/grasp) was counterbalanced. Each participant completed a total of 128 trials. After completing 64 trials, participants took a 30-min break.
A single trial consisted of responding to the stimulus and pushing (or grasping) the response button. After a specified interval, the next trial began. Three different responsestimulus intervals (RSIs) were randomly inserted: 500, 1,500, and 2,500 ms. Each condition consisted of two blocks, with each block comprising 16 trials. Two blocks were presented in sequence. There was an interval of approximately 5 s between the blocks. A pilot study suggested that a maximum of 50 trials per session was the limit for older adults if the task required maintaining a grip pressure of 300 g. The above procedure was conducted for each response type.
During approximately half of the trials, an auditory stimulus was presented simultaneously with the visual stimulus. The sounds were unrelated to the location of the visual stimuli. Following Fischer et al. (2009) , the sound was a tone of 700 Hz that was presented for 150 ms, such that the sound volume reached approximately 70 dB at 50 cm from the speakers. The auditory stimulus was randomly presented in 7, 8, or 9 of the 16 trials in a block. We confirmed during the practice trials that older adults could hear the auditory stimuli. Two speakers were set at approximately 30 cm from the center of the bottom of the display, on the left and right sides. Speaker volumes were identical, and the sound was always presented simultaneously through both speakers. The tone was set to be randomly "on" or "off" for each trial.
The following instructions were given to the participants: In the compatible condition, participants were told to "immediately and accurately press (or grasp) the switch ipsilateral to the side in which the stimulus was presented." In the incompatible condition, participants were told to "immediately and accurately press (or grasp) the switch contralateral to the side in which the stimulus was presented." In compatible and incompatible conditions, practice trials (N = 8) were conducted for each condition after the instructions were presented. Practice trials were not conducted in the micro and grasp conditions and participants were merely instructed about changes in response types, such as pressing or grasping the switch.
Data Analysis
For each condition, the rate of incorrect responses (error rate) and the mean reaction time (RT) were calculated for each participant. Trials in which the RT was AE2 SD from the mean were excluded as anticipatory or inattentive responses. For statistical analyses, p-values <.05 were regarded as statistically significant.
Results
Figures 1 and 2 show error rates. For older adults, mean error rates varied from 2.4% AE 4.6% to 9.09% AE 10.6%, depending on the condition. In younger adults, mean error rates varied from 1.1% AE 2.4% to 5.5% AE 5.6%, again depending on the condition. Error rates were analyzed for potential effects of the following four factors: age (older/younger), stimulusresponse compatibility (compatible/incompatible), response type (micro/grasp), and tone (on/off ). The main effect of age was significant, F(1, 68) = 14.8371, p = .0003, η 2 p = .1791, confirming that older adults had significantly higher error rates. A three-way interaction including age was also significant: age × compatibility × tone (F(1, 68) = 9.5224, p = .0029, η Because the three-way interaction including age was significant, effects of three factors (stimulus-response compatibility, response types, and tone) were analyzed based on age group, using a three-factor within-participants ANOVA design.
Next, the effects of each variable on error rates were compared. Table 1 shows the test results depending on the age and effect size. In older adults, the main effects of response type and tone were significant, and the error rate increased under the grasp condition and the auditory stimulus condition. Furthermore, the interaction between compatibility and tone was also significant. Analysis of this interaction indicated that the auditory stimulus affected performance when the stimulus and response were compatible, F(1, 34) = 11.0942, p = .0021, η 2 p = .2460, but not when they were incompatible, F(1, 34) = 0.5998, p = .4440, η 2 p = .0173. In older adults, the error rate increased when the auditory stimulus was presented in the compatible condition.
In contrast, in younger adults, the main effect of compatibility was significant and the error rate increased in the incompatible condition. The interaction between compatibility and tone was also significant. Analysis of this interaction indicated that the auditory stimulus affected performance when stimulus and response were incompatible, F(1, 34) = 6.8839, p = .0129, η 2 p = .1684, but not when they were compatible, F(1, 34) = 0.6544, p = .4242, η 2 p = .0189. In younger adults, the error rate increased when the auditory stimulus was presented under the incompatible condition. Table 2 shows mean RTs as a function of age and condition. In older adults, the mean Note. ns = not significant. *p < . 05. ***p < . 001.
reaction time varied from 346 AE 88 to 590 AE 153 ms depending on the condition, whereas in younger adults, it varied from 267 AE 28 to 362 AE 31 ms. Analysis indicated significant main effects of compatibility (F(1, 34) = 304.8235, p = .0000, η 
Discussion
The results of the present experiment and those of Tsuchida et al. (2013) were compared. What was common to both studies was that differences in response types and the presentation of the auditory stimulus significantly affected the error rate only in older adults. On the other hand, the new result of this study was that only in older adults, stimulusresponse compatibility did not have a significant effect on the error rate.
The most noticeable finding was that variables affecting motor inhibition had different impacts depending on age. Grasping a button using the whole palm employs more diffuse motor excitation than a response made using just the fingertips. Moreover, presentation of tones together with visual stimuli might have increased sensory excitation. In a bulbpressing experiment conducted with children, Luria (1961) suggested that motions associated with nervous excitation were only weakly inhibited. Although the task was different, this tendency was also shown by the older adults in this study.
The error rate was generally lower in younger adults than in older adults, but stimulus-response compatibility strongly affected this rate only in younger adults. Error rate increased when participants had to respond with the hand on one side and visual stimuli were presented on the other, indicating that visual direction affected error rates. This suggests that failures of motor inhibition in younger adults might primarily be caused by visual induction.
The interaction between stimulus-response compatibility and the auditory stimulus was the only factor that affected the error rates of both younger and older adults. However, the effect was very different across the two groups. In older adults, the effect of the auditory stimulus was significant only during the compatible condition. In this condition, reactions were generally speedy. When the sound was presented in this situation, participants tended to accidentally respond. In the Compatible  Micro  Tone off  284  24  417  126  Tone on  267  28  394  127  Grasp  Tone off  293  40  384  102  Tone on  274  42  346  87  Incompatible  Micro  Tone off  363  31  590  150  Tone on  354  37  573  139  Grasp  Tone off  357  44  550  109  Tone on  343  41  537  98 incompatible condition, reactions were generally slower, and when the sound was presented, the effect of the auditory stimulus was much less. In contrast, for younger adults, the effect of the auditory stimulus was significant only in the incompatible condition. When the auditory stimulus was presented and younger adults were expected to respond with the hand contralateral to the visual stimulus, they tended to accidentally use the device on the ipsilateral side. In older adults, the speed of reaction increased naturally and motor nervous excitation increased in the compatible condition. Then the sound (i.e., sensory nervous excitation) was added, which increased error responses. This tendency was not shown in younger adults.
The results of this study might be explained by a neurological model of aging called the de-differential hypothesis (Logan, Sanders, Snyder, Morris, & Buckner, 2002) . Research shows that during this type of motor task, nervous excitation tends to become diffuse in older adults (Nielson, Langenecker, & Garavan, 2002) . The de-differential hypothesis is the idea that this additional activation indicates de-differentiation of function. Although the present experiment was not designed to verify the de-differential hypothesis, the results can be interpreted through this lens, such that the decline in function resulted from diffusion of nervous excitation that only occurred in the older adults.
The following two issues were not examined in this study. One is the analysis of taskswitching effects on motor inhibition. Factors related to task-switching are considered important in discussions of motor control in older adults (Adolfsdottir et al., 2014) . However, this study focused on the effects of three variables, and factors related to task-switching were excluded from the experimental design. An experiment that includes task-switching factors should be designed and the effects of task-switching on motor control should be analyzed as a next stage in this investigation.
The other issue that was not examined in this study concerns ways of recognizing errors.
In this study, when participants pressed or grasped the switch contralateral to the instructed side, it was regarded as an error. Moreover, participants were instructed to press or grasp the switch just once. It was not recorded when they pressed or grasped two switches many times or simultaneously. However, certain participants might have pressed or grasped the switch on the contralateral side to the instructed side, after pressing or grasping the switch on the instructed side. Therefore, it might be fruitful to record a wider range of responses and analyze failures of motor inhibition. Both these issues might play an important role in motor inhibition, and further studies should be undertaken regarding these issues.
